Abstract: New simulation technique, by the transmission line matrix method (TLM), of electromagnetic waves in dispersive cold plasma media is proposed. This technique exploits the dependence of the current density J and the electric field E, and the derivation of the ordinary differential equations (ODE) by the exponential fitting method. The TLM Model uses the standard symmetrical condensed node (SCN) with 12 principal ports and 3 additional ports in which we incorporate voltage sources to model the dispersive behavior of cold plasma media. To investigate the accuracy of this approach, reflection and transmission coefficients of non-magnetized plasma wall are computed. Also the farzone scattering results of a cold plasma sphere are presented. All the obtained results, using the new modeling technique named JE-TLM are in good agreement with those of the theoretical ones. Keywords: dispersive cold plasma media, JE-TLM method. , vol. 12, no. 5, pp. 618-624, Sept. 1964. [12] M. Khalladi, J. A. Morente, J. A. Porti, and G. Gimenez, "Two nearto far-zone approaches for scattering problems using the TLM method,"
Introduction
The transmission line matrix (TLM) method, with the symmetrical condensed node (SCN), is a powerful tool for the time-domain analysis and computation of electromagnetic waves interactions with various media including dispersive media. Using different formulations, this method can model successfully electromagnetic waves propagation in several dispersive media [1, 2, 3, 4] . These recent studies on TLM method are contributed substantially to the development of its numerical potentialities and to the improvement of the SCN. Thus the TLM method consolidated its capacity of analysis of electromagnetic phenomena and it widened its field of numerical modeling in time domain. The TLM numerical method is herein an efficient and reliable simulation tool, able to extend its numerical study to complex phenomena and to upgrade its basic approaches to more elaborate models of simulations. A significant progress of TLM method was made in 1996 by Menesez and Hoeffer, by introducing a modeling technique for linear isotropic frequency dependent media [1] . This technique consists in the decoupling of pulses scattering in the network nodes starting from the equations describing the medium. In 1999, the modeling of linear dispersive media was enriched by using the Z-transform approach developed by J. Paul and al., this approach expresses the electric properties of the dispersive media in function of Z variable and not according to the angular frequency ω [2] . Another approach using voltage sources was applied successfully to the modeling of linear dispersive media [3, 4] . The proposed and validated approaches are developed starting from Maxwell's equations, constitutive relations of the linear and isotropic dispersive media, and the inherent rules to the TLM modeling method. In this paper, we propose a TLM modeling formulation for isotropic dispersive "cold plasma", by using Maxwell's equations, and the development of a relation between the current density J and electric field E of this media [5, 8] . This novel approach named JE-TLM is based on the standard symmetrical condensed TLM node with 12 principal ports and 3 additional ports used as voltage sources. The proposed model is tested and validated by calculating the reflection and the transmission coefficients through a non-magnetized air plasma wall. Furthermore, using the JE-TLM method combined with the near to far-field transformation based on the equivalence principle, the radar cross-section (RCS) of a cold plasma sphere is calculated. The simulation results are compared to those obtained by the analytical solutions.
FORMULATION
For cold plasma media, the polarization current density J is related to the electric field E by the relation [6]:
where ε 0 is the permittivity of free space, ω p is the angular frequency of plasma and ν c is the electrons collision frequency. There are many different techniques for numerical discretization of eq. (1), the mostly used is the method of direct integration (DI) and the method of convolution (JEC) or piecewise linear recursive convolution (PLRC) [7, 8, 9] . These techniques give acceptable results only for ν c Δt 1, where t is the time step discretization. Another discretization technique, called the exponential fitting method, was originally developed in [10], was used in [5] to obtain numerical expressions allowing to have more accurate numerical solutions. The application of this technique to eq. (1) gives:
2) The TLM's formulation, based on the use of the current density J, is developed from the propagation laws of electromagnetic waves of MaxwellAmpere which implicitly contain the current density given by eq. (2), these equations are:
Where, E is the electric field, H is the magnetic field intensity and μ 0 is the free space permeability. The electromagnetic fields (E, H) are equivalent to the electric quantities (V, I) used by the TLM method. This equivalence is governed by the following relations:
where Z 0 is the impedance of free space. Thus, the discretization of eq. (3) and (4) in a regular network of step l, the use of eq. (5) and (6) and the application of charge conservation's laws to the SCN with additional ports, give the following expressions of the total fields at (n+1) t instant:
The pulses (V sx , V sy , V sz ) are considered as sources of voltage modeling the dispersive properties of the non-magnetized plasma. They are injected into ports 13, 14 and 15 of the SCN. They are calculated from the following expressions:
The current densities (J x , J y , J z ) at the instant (n+1/2) t are calculated directly from eq. (2). They are given by:
The 12x15 scattering matrix of the SCN with the additional ports 13, 14, and 15, results from eq. (7) and (8):
The implementation of the JE-TLM algorithm is based on the recursive calculation of the current density n+1 J given by eq. (10), the update of the voltage sources from eq. (9), the determination of the reflected pulses in the symmetrical condensed node's lines using eq. (12) and finally the connection process of the adjacent nodes of the TLM method's network.
NUMERICAL RESULTS
The proposed TLM method model with the symmetrical condensed node and voltage sources, using the JE convolution technique, is applied to cold Plasma media. The reflection and the transmission coefficients of a plane wave with normal incidence on the interface between the air and a one dimensional dispersive plasma wall are calculated using the new approach and the one dimensional structures approximation E n+1 = e −νΔt E n given in [10].
Fig. 1. Transmission and reflection coefficients magnitudes versus frequency
The parameters of the plasma considered in this study are ν c =2.0E9 rad/s and ω p =2π28.7E9 rad/s. The TLM network consists of (3200, 1, 1) with space step Δl=75 μm. The thickness of the plasma wall is 9 cm, of space band 1200 Δl occupying the cells from 1000 to 2200. The wall plasma is excited by a Gaussian shaped pulse plane with spread parameter of 2.25E11 s −1 . From the total and incident fields, computed just in front of air/plasma interface at the point (999, 1, 1)Δl, we obtain the scattered field. The reflected coefficient is obtained herein from the ratio of frequency domain scattered and incident fields. On the other hand, the transmission coefficient is calculated from the ratio of the transmitted and the incident fields at the point (2201, 1, 1)Δl. Fig. 1 shows the reflection and transmission coefficients versus frequency obtained via our approach and theoretical values compared [11] . A very good agreement is observed between the JE-TLM results and those of the analytical solutions.
This model is also applied to study the electromagnetic response in the far zone of a dispersive non-magnetized plasma sphere of radius a=3.75 mm. The TLM Network considered is of (60, 60, 60) cubic cells of side Δl and the non-magnetized plasma sphere's radius is 20Δl. The parameters of the plasma are ν c =2.01E10 rad/s and ω p =2π28.7E9 rad/s. Fig. 2 depicts the backscattering RCS versus frequency, obtained by the TLM approach with JE technique and the near-zone to far-zone transformation approach based on the equivalence principle [12], compared with the analytical solutions. It is easily seen from this figure that the JE-TLM result shows a good agreement with that obtained by analytical approach.
Conclusion
In this paper, we have developed an efficient and robust method for modeling dispersive cold plasma media. This technique is based on the symmetrical condensed TLM method, the relation between the density current J and electric field E, and the exponential fitting method. The proposed model named JE-TLM is validated by the calculation of reflection and transmission coefficients, as well as the calculation of the RCS of a cold plasma sphere.
